The role of intrinsic point defects on radiative recombination in Cu(In,Ga)Se 2 thin films was investigated by photoluminescence (PL) and photoluminescence excitation (PLE) spectroscopies. Experiments were performed on device-grade polycrystalline layers and single crystal thin films. PL transitions identified by others as indicating a shallow state with an ionization energy of ~16 meV is proposed to be a transition into band tail states rather than a distinct shallow defect.
INTRODUCTION
Recent environmental and energy resource concerns have spurred interest in renewable energy technologies, particularly in the area of photovoltaic devices. Cu(In,Ga)Se 2 (CIGS) and its alloys are leading choices for thin film photovoltaic absorber layers due to their high performance in devices, stability, optical absorption coefficient and tolerance to compositional variations and intrinsic defects. Interpretation and modeling of device results suggest that device performance is limited by ShockleyReed-Hall type recombination of photogenerated carriers in the space charge region [1] . Identification of the defects mediating this recombination has proven difficult and no particular defect has been shown to be responsible [2] [3] [4] .
One of the most common defect characterization methods is photoluminescence (PL). PL has been performed on CIGS epitaxial layers [5] [6] [7] , polycrystals [8] and bulk single crystals [9] [10] . Only a few studies have incorporated photoluminescence excitation spectroscopy (PLE), with mixed results [6, 11] . Almost as many PL studies have been performed on the wide gap compound CuGaSe 2 as on CuInSe 2 . To date, there has been no fundamental difference identified between defect spectra of CuInSe 2 and CuGaSe 2 -the transition energies are different but the general behavior is relatively similar. Siebentritt et al. [12] have summarized composition-dependent PL and electrical transport measurements on such material. The authors identify two acceptor levels 60 meV and 100 meV above the valence band edge and one donor 12 meV below the conduction band edge resulting in free-and bound-exciton emissions. Transitions may be present in the long wavelength regime beyond the range of previous studies due to states deep within the energy gap. Broadening of PL emissions is often attributed to band edge fluctuations [5, 13] , which are more pronounced in CIGS alloys due to statistical disorder between the group III elements. Cathodoluminescence [14] , power-dependent PL and thermophotocapacitance [4] have provided evidence for band edge fluctuations. This work extends previous PL and PLE studies and examines differences between epitaxial and polycrystalline layers. The effects of Na and Ga chemistry on recombination are addressed. PL and PLE results are compared with corresponding device results.
EXPERIMENT
Epitaxial CuInSe 2 thin films were grown on GaAs single crystal substrates using a hybrid sputtering and evaporation deposition technique [15] . Substrates were (100) GaAs cut to approximately 1 cm wide and 3 cm long. The growth temperatures were 720°C and 660°C for epitaxial films labeled UIUC-1 and UIUC-2, respectively. The growth rate was 15 nm/sec for both films and both are Cu-poor with compositions in the range
Polycrystalline, device-grade CIGS layers were deposited on Mo-coated soda lime glass by four source coevaporation of constituent elements onto a heated substrate at the Institute for Energy Conversion (IEC) at the University of Delaware [16] . The films were ~2 μm thick. One sample was deposited on a substrate capped with a SiO 2 layer deposited at Shell Solar. This is a diffusion barrier preventing movement of NaO from the soda lime glass substrate into the CIGS. Another sample was deposited with a high Ga content. CIGS layers fabricated during the same batch runs as those used for PL/PLE analysis were processed into devices at IEC. Chemical bath deposition formed 30-40 nm of CdS on the CIGS absorbers, then ZnO:Al was deposited by sputtering and evaporated Ni/Al grids completed the devices. Device characteristics were measured at IEC. Samples used in the current work are listed in Table I along with their corresponding compositions, energy bandgaps and device characteristics. PL spectra were measured with the sample mounted in a He cryostat at temperatures between 1.6 and 300 K. A frequency-doubled Nd:YAG laser (λ=532 nm) was used to illuminate the CIGS layers for intensity-dependent and temperaturedependent PL. For PLE and some PL experiments, white light from a 150 W tungsten lamp was monochromated using a SPEX 1680 0.22 m double grating spectrometer for sample illumination. This provided excitation at wavelengths from λ=400-2140 nm using two different pairs of gratings. Using lock-in filtered detection, emissions were analyzed using an Acton Spectra Pro-300i 0.3 m single grating monochromator and detected by a liquid nitrogen cooled Ge photodiode (detection range: 900-1800 nm).
RESULTS
Representative 2 K PL and PLE spectra for the samples listed in Table I Table I . T=2K. Tungsten lamp + monochromator used for variable wavelength excitation, with excitation photon energy chosen above E G by 50-100 meV. Multiple Gaussian fits (thin black and white curves) to the spectra are shown. PLE measurements (gray curves) were measured with the detecting monochromator set at the wavelength marked with an arrow for each spectrum.
Points marked in Figure 1 with an arrow indicate the wavelength at which the detecting monochromator was set for corresponding PLE spectra. PL spectra were fit with multiple Gaussians and their positions, widths and relative heights are given in Table II . Table II . Peak positions (xc) in meV below the band edge, peak widths (w) in meV, and relative peak heights (A) for multiple Gaussian fits of spectra shown in Figure 1 . Comparing the shallowest emission peak for each sample to the energy gaps as measured by PLE, it is evident that near band edge transitions are not present, in agreement with typical observations of Cu-poor CIGS PL. We observe that the shape and width of the lower-energy side of all PL peaks is nearly identical to the PLE absorption edge, suggesting a strong correlation between the band edge width as determined by PLE and the low energy side of the PL emissions. This implies that the PL transitions involve states in the band edge in the same manner as does the PLE.
The UIUC epitaxial layers show very broad overall luminescence bands, although several of the components of the UIUC-1 luminescence are the narrowest of any peaks observed (see Table II ). The epitaxial layer spectra show three clear peaks for UIUC-1 and at least two peaks for UIUC-2. The UIUC-2 peaks are both broader and farther from the band edge than for UIUC-1. The primary differences in these samples are growth temperature (60°C lower for UIUC-2) and composition (closer to stoichiometry for UIUC-2). The shallow emission energies are much farther from the band edge (150-260 meV) than is usually observed in CIS epitaxial layers [17] , but are comparable to separations observed in the polycrystalline samples studied here. Comparing the spectra suggests that the deep defect response does not originate from grain boundaries, but is characteristic of the bulk material, as expected from the high performance devices made from polycrystalline materials as compared to those made from single crystal materials.
The sample with composition nearest to stoichiometry and with the best solar cell performance, IEC-1, shows five distinct transitions, some of which are very deep in the band gap while the shallowest emission is closer to the band edge than for any other sample. At the same time the PLE onset with increasing excitation photon energy is sharper than for any other sample. Some effort was made to vary the measurement conditions (sample angle, collecting optics alignment, spectrometer alignment, etc.) to check for possible instrumental sources of the deep peaks for IEC-1 and no such source was identified. It is noteworthy that the emissions are very regularly spaced (91±4 meV for the four lowest energy peaks), suggesting the possibility that they are somehow connected. However, there is no obvious reason for a 91 meV spacing. This is certainly too large for a phonon-related behavior. This multiplet behavior was not observed in any spectrum for the other samples but was repeatable over a range of conditions for this sample and was also observed in cathodoluminescence measurements. It is interesting to note that there is a small shoulder on the PLE spectrum ~80 meV below the band edge that corresponds well to the energy of the shallow (xc1) emission of IEC-1. Because the spectrometer was set below this energy for the PLE experiment it is likely that this shoulder represents absorption of incident light through the transition responsible for the shallow emission peak and that the electron-hole pairs thus generated subsequently recombined a significant fraction of the time via the mechanism responsible for the peak at 214 meV (xc3) below the band edge.
IEC-3 and IEC-4 were deposited simultaneously. IEC-3 is Na-free while IEC-4 is normal device material. Na is known to improve the performance of CIGS solar cells [18] . Na segregates to CIGS surfaces and apparently modifies point defect organization and density. Comparing the Gaussian fits of samples IEC-3and IEC-4, the positions of the shallow peaks (xc1) match within 17 meV and are of similar width: 38 meV for IEC-3 and 49 meV for IEC-4. The second transition (xc2) found for IEC-3 had a width of 74 meV and is suppressed in IEC-4. The comparison suggests that an additional deep emission is appearing in the PL spectrum when Na is absent. The nearly identical PLE spectra suggest that this peak is not related to a change in the band edge but rather is due to the introduction of new defects in the band gap when Na is absent. The epilayers are also grown Na-free so their spectra presumably reflect a Na-free type of behavior. The shallow peak (xc1) of sample IEC-3 has a similar energy difference from the band edge as does the shallow peak (xc1) for UIUC-1, while the lower-energy peak apparently due to the absence of Na in IEC-3 is similar to a broadened contribution of the lower energy peaks in the spectrum for UIUC-1. Therefore it seems reasonable to assume that two of the three peaks in the UIUC-1 spectrum are indicative of the lack of Na during the film growth.
The high Ga content film, IEC-2, shows the broadest luminescence of the polycrystalline samples. With reference to the band edge, the shallow transition (xc1) for IEC-2 is only slightly deeper (194 meV) than those measured for the low-Ga material (72-160 meV). This is in spite of a difference in energy gap of 189-203 meV between the high-Ga sample and its low-Ga counterparts. At the same time IEC-2 showed the broadest PLE response, with a band-edge transition that is nearly identical in shape and width to the low-energy tail on the PL peak. The spectrum for IEC-2 is very similar to those for UIUC-1 and IEC-3 relative to the respective band edges but is significantly broadened, as is the case for the PLE data, and at an energy similar to that for the Na-free sample relative to the band edge. This suggests that the defects associated with Na-free, low-Ga CIGS may be similar to the defects in Na-containing high-Ga films. This indicates that Na may lose its effectiveness at reducing defects in the CIGS at higher Ga contents.
PLE provides a measure of the band gap energy (with values given in Table I ) and the shape of the band edge. The band edge shape is typically thought to be determined by an exponentially decaying density of states that extends into the forbidden gap, the width of which has been connected to the degree of structural disorder in the crystal, including disorder that results from local composition fluctuations [19] . Such band tails are common in Cu-poor CIGS and have been measured by luminescence techniques as well as transient photocapacitance spectroscopy [6, 20] . Band edge widths for the six samples in this study were directly measured by fitting PLE spectra with error functions and are shown in the last column of Table I . It should be noted that only the broadest of the two band edges is measured with PLE. IEC-1, the absorber layer that made the highest efficiency device, has the narrowest band tail width, while all other samples have wider band edges. Within this limited selection of samples, the sharpness of the band edge correlates relatively well with device performance -materials with sharper band edges as measured by PLE make better devices in these measurements. These results are consistent with computer modeling of devices, in which an increase in the band tail width greatly decreases overall efficiency. The measured band tail widths are in the same range as those measured on similar materials by transient photocapacitance spectroscopy [20] . The PL and PLE data suggest two possible connections between the performance of the devices and the PL and PLE data: (1) the abruptness of the PLE onset and (2) the separation of the band edge and the first PL emission not derived from a free-to-bound transition may relate to device performance.
The identification of different recombination mechanisms is based on excitation intensity-and temperature-dependent PL measurements. In the following we give specific results on the high efficiency sample IEC-1. Excitonic and defect band transitions can be distinguished by the different dependency of their luminescence intensities (I PL ) on excitation intensity P exc via I PL = A*(P exc ) k , where A is a constant [21] . Exponents of 1<k<2 are typical for band-to-band recombination, while k<1 is expected for defect-related recombination. The un-normalized excitation intensity-dependent PL series (not shown) spectra were fit with multiple Gaussians and integrated to determine a relative total PL power output. The four lower energy transitions have k<1 while the highest energy peak is best fit with k=1.016 and could be either excitonic or defectrelated in nature. The integrated PL intensity begins to saturate above 10 mW, whereupon other non-radiative recombination pathways become progressively dominant and the efficiency of radiative recombination drops. We suggest that there is a relatively low density or cross section for deep states and that access to them by free carriers is only possible when the bands fill up at high excitation intensities, increasing transport of carriers to the defects.
Temperature-dependent PL series were also obtained and fit with multiple Gaussians. In general, and in the data obtained here, shallow defect levels are thermally emptied as temperature increases so lower energy transitions involving deeper states dominate at high temperatures. Data from sample IEC-1 is further analyzed in the following and is shown in Figure 2 Above 40 K, there is a slight redshift (~0.4-0.7 meV/10 K) in peak positions with increasing temperature, possibly due to thermal expansion. Typically, a donor-acceptor pair (DAP) emission will become a free-to-bound (FB) emission as temperature increases because the shallower of the two defects involved in the DAP emission will thermally empty [22] . This is normally marked by a noticeable blueshift in the peaks. However, this blueshift is not observed in IEC-1, indicating no DAP emission. The expected binding energies of the shallower defect involved in individual emissions can be calculated by a quenching model [5] . Fits to the quenching curves of the three deepest transitions (peaks 3, 4 and 5) for IEC-1 and their corresponding activation energies are shown in Figure 2(b) . The two highest energy transitions emptied too quickly to make a reliable fit. The energies from the quenching model are ~16 meV for the three deepest transitions. With the band tails measured by PLE being wider than 16 meV, we propose that this is just the average activation energy for thermalization of carriers from the band tail and that peaks 3, 4 and 5 in sample IEC-1 are due to recombination via transitions between band tail states and deep defects. We further conclude that the shallow peak 1 in IEC-1 is a band-tail to band-tail transition, because it has an energy too close to the band edge for a defect to band-tail transition.
CONCLUSIONS
We conclude that PL transitions identified by others as indicating a shallow state with an ionization energy of ~16 meV are really transitions into band tail states rather than to a distinct shallow defect, at least in some materials. This is consistent with the fluctuating potentials causing band tails described in this and other studies. The presence of deep levels contributing to radiative recombination does not necessarily preclude the material from producing a high efficiency device and may suggest the absence of dominant non-radiative recombination pathways. The band edge width as measured by PLE and the separation of this edge from defect states may be effective indicators of the quality of an absorber material. We also observe behaviors that appear to be connected with the absence of Na in the growth process in CIGS and which appear to persist in high Ga materials, suggesting that Na may become ineffective in passivating or eliminating these defects in high-Ga material.
